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Light neutral Higgs could have escaped searches at LEP if Higgs sector is not minimal.
Even within the general two-Higgs-doublet model h0 or A0 in the energy range of LEP 1
can exist undetected. The reason is that the main two Higgs production mechanisms,
Higgs-stralung and h0A0 pair production, can be suppressed or not kinematicly allowed.
We use DELPHI LEP 1 data to search for these light neutral Higgses produced via Yukawa
coupling of Higgs to fermions e+e− ! f fh0(A0).
We nd no signal, which allows us to put the cross-section limits. We conclude, however,
that LEP data cannot completely rule out the light neutral Higgses.
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1 Introduction
Electro-weak precise measurements [1] are in perfect agreement with the Standard Model
(SM). Only the Higgs particle is still missing. The limit on its mass obtained with the
direct searches exceeds already mass of the Z0 boson [2]. This fact, however, does not
exclude an existence of a light Higgs boson outside the SM.
One doublet of complex scalar elds incorporated into the Standard Model is the sim-
plest version of the Higgs sector consistent with the experimental data. On the other
hand it is well know that models with any number of doublets and singlets of scalars can
maintain the agreement with the precise measurements [3]. Models with higher repre-
sentations in the Higgs sector are not excluded either, provided that large correction to
the parameter  = m2W =(m
2
Z cos
2 W ) are avoided. For models with only doublets and
singlets  = 1 is automatic. In general there is only one more constraint for the Higgs
sector coming from the apparent weakness of the FCNC processes. However, to full
the FCNC constraint it is sucient to require that all fermions of one type (with the
same electro-weak quantum numbers) couple to only one Higgs doublet, and that charged
scalars are not too light. Moreover, a recent study has shown [4] that one of the simplest
extension of the SM Higgs sector, so called Model II of two-Higgs-doublet model (2HDM),
ts very well the electro-weak precise measurements while providing room for one very
light neutral CP-even or CP-odd Higgs particle.
In this paper we consider the possibility that a light Higgs boson escaped discovery.
Our approach is as model independent as possible. To be more specic, however, we
start from an introduction to the 2HDM in the Section 2, where we explain why such
model can accommodate very light Higgs boson. In the next Section (2.2) we describe
the Yukawa process, which we are going to use to enlarge our sensitivity to the light
Higgses. The Section 3 contains the result of the search for Yukawa produced Higgses in
4b topology, whereas Section 4 complements it with results obtained with a case study of
the 4 channel. We found no signal of Higgs production, which allows us to draw limits
on the allowed enhancement of the Yukawa coupling of searched scalars to fermions. We
present our results in a model independent way, but conclude in the Section 5 with an
interpretation of the results within the 2HDM (type II).
2 Two Higgs doublet model
Detailed description of the 2HDM can be nd elsewhere [3]. Here we merely recall its
main features.
In any (CP conserving) two-Higgs-doublet model, the Higgs boson spectrum consists
of two CP-even Higgs bosons h0 and H0, a CP-odd A0 and a pair of charged scalars H+
and H−. In this paper a non-supersymmetric 2HDM model of type II is considered in
which, like in the MSSM, one of the Higgs doublets couples to to down-type quarks and
charged leptons, whereas the second to up-type quarks.
CP-conserving version of the model has 6 free parameters. They can be chosen to be:
four Higgs masses, the ratio of vacuum expectation values tan = v2=v1 and CP-even
neutral Higgses mixing angle . When this model is embedded in the MSSM then only
two parameters remains independent at the tree level [3].
2.1 Higgs production mechanisms at LEP
The Higgs boson searches at LEP are based mainly on the two processes:
 the Bjorken process e+e− ! Z() ! Z()h0 (Fig. 1),
 the pair production e+e− ! Z() ! A0h0 (Fig. 2).
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Only the rst process is relevant for the Standard Model in its minimal version. The
cross sections for these two processes are proportional to sin2( − ) and cos2( − )
respectively. The fact of non-observation of the Bjorken process, which allows to derive
mass limit for the SM Higgs boson, constrains sin2( − ) within the 2HDM. It can be
explained in the following way. Any negative search provides a limit on appropriate cross-
section. In the case of the Standard Model the Higgs production rate at LEP depends
only on its mass and available energy. Within models with more degrees of freedom in the
Higgs sector the coupling of the h0 boson to Z0 can be negligible due to mixing between
scalar neutral bosons. From a recent compilation of the experimental results [4] it can be
deduced that if sin2( − ) < 0:01 then the h0 boson of arbitrary low mass cannot be
seen via the Bjorken process in the data collected at LEP so far.
On the other hand, when sin2(−) is close to zero, then the production mechanism
of the pair of Higgses h0A0 recovers its full strength. To explain the non-observation of
this process it is sucient to assume that one of the Higgses is heavy enough.
How large the mass dierence can be, depends on the scenario. Within MSSM the
mass dierence cannot be arbitrary large, although radiative corrections allow a signicant
deviation from the tree level prediction that the h0 and A0 bosons should be almost
degenerate in mass if any of them is signicantly lighter than the Z0 boson. In the case of
the 2HDM the masses of h0 and A0 are not related. In principle, it is true for all models
not constrained by the supersymmetry.
Such models provide two scenarios with one light CP-even or CP-odd Higgs:
1. the h0 is light whereas the A0 is heavy;
in this case the coupling of the h0 to the Z0 must be small, which is equivalent to
the requirement sin2( − )  0 within the 2HDM;
2. the A0 is light whereas the h0 is heavy.
In both scenarios the light neutral Higgs cannot be observed via Bjorken process or h0A0
pair production at LEP. However, in models with additional degrees of freedom in the
Higgs sector w.r.t. the SM, the Yukawa coupling of Higgses to fermions can be altered.
Let us consider the coupling to the down-type quarks and charged leptons within 2HDM
(type II) as an example. The ratio of its strength to the strength of the corresponding
coupling of the Standard Model Higgs 0 is given by
a) sin =cos  for the h0 boson,
b) sin =cos  = tan for the A0 boson.
The ratios are inverted for the Yukawa coupling involving the up-type quarks. An en-
hanced Yukawa coupling open a possibility for a search of the Higgs boson via the third



































Figure 3: The Yukawa
process.
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 e+e− ! Z0 ! f fh0(A0) (Fig. 3).
There are again at least two possibilities to be considered: (i) tan   1 or (ii)
tan   1. However, an enhancement of the up-type quarks coupling in the case (ii) {
sucient from the production and detection point of view { is already excluded by a search
for Z ! h0(A0)γ process [5]. Taking this into account we will restrict our considerations
to the possibility that the coupling to the down-type quarks and/or charged leptons is
enhanced. In the next Section we elaborate this possibility in the framework of the type II
of the 2HDM, where the enhancement factors for down-type quarks and charged leptons
are identical.
It is worth while to notice that LEP 2 e+e− ! f f cross-sections are too low to
compete with the data recorded in the vicinity of Z0 resonance as far as Yukawa process
is concerned.
2.2 Yukawa process within the Type II of the 2HDM
From the experimental point of view one can distinguish three intervals of the light Higgs
masses:
(i) below 2mτ threshold,
(ii) in between 2mτ and 2mb thresholds,
(iii) above 2mb threshold.
For the rst interval non-perturbative eects should be included in the calculation of the
Higgs branching ratios. Such eects are also important for the threshold behaviour on
top of the dierent kinematic factors for CP-odd, and CP-even scalars. While waiting
for the relevant Monte Carlo generator [6] we will restrict our consideration to the Higgs
masses above 2mτ threshold, where h
0(A0)!+− or (above 2mb threshold) h0(A0)!bb
decays are dominant.
The relevant branching ratios are plotted in the Figure 4 whereas the cross-sections in
the Figure 5. One can distinguish four distinct nal topologies at LEP 1, schematically
drown in the Figure 6.
The 4 topology was analysed at LEP from the point of view of 4-fermion nal state
production [9]. On the other hand 4b topology was used to search for pair production of
h0A0 Higgses [10]. The topologies 2b2 and 22b were used for both purposes: analysis
of the second order E-W processes and search for h0A0 pair production. However, the
kinematics of Yukawa production of light Higgses with subsequent decay of the scalar to
+− or bb pair is still dierent. This motivated us to start this analysis optimised for
the Yukawa process. Similar preliminary analyses were sent by L3 [11] and Aleph [12]
collaborations to Brussels EPS’95 and Warsaw HEP’96 conferences respectively.
Let us elaborate on the four topologies shown in the Figure 6 in more detail.
The topology with four b quarks in the nal state provides the highest reach in the
Higgs mass. In the previous LEP analyses of the Yukawa Higgs production [11, 12] this
channel was considered to be overwhelmed by the QCD background and not used in the
consequence. In the Section 3 we show, that the search in this challenging topology can be
sensitive to the Yukawa production, thanks to the recent improvements to the b-tagging
algorithms of the DELPHI detector [13].
The topologies 22b and 2b2 are almost identical but in the rst one { where the
Higgs produced with +− pair decays into pair of beauty quarks { the separation of 
decay products from the hadronic jets is in average better than in the opposite case of
bbh0(A0) production with subsequent decay of Higgs into +− pair. The former is less






















Figure 4: Higgs branching fractions above 2mτ threshold within the Type II of the 2HDM
(tan = 30 and  = ). Thick lines correspond to CP-odd A0, whereas thin lines to CP-






























Figure 5: Higgs cross-sections for Yukawa process above 2mτ threshold. The thick curves
shows cross-sections related to CP-odd Higgs A whereas the thin lines are drown for
CP-even h0 with  = . The cross-sections are calculated for the
p
s = 91:2GeV and
tan  = 30. The dierences in the production cross-sections between h0 and A0 are due
to fermion masses properly taken into account [7], including b running mass [8].
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4 topology 22b topology
2b2 topology 4b topology
Figure 6: Four distinct nal topologies of the Yukawa production of light Higgses at the
LEP 1 within the Type II of the 2HDM.
other hand, suers from a high background. One must require stringent isolation criteria
for  decay products or restrain to the purely leptonic  decay channels. The DELPHI
analysis dedicated to the search for signals of Yukawa production in this channel has
started only recently. We have decided to omit it in this preliminary communication.
Finally the 4 topology is relatively simple from the extraction of signal point of view,
but suers from intrinsic 4-lepton background, modest cross-section and small branching
ratio above the 2mb threshold within 2HDM of type II. One should remember, however,
that models in which one Higgs doublet couples exclusively to charged leptons are not
excluded, providing room for a light Higgs with vanishing coupling to the Z0 boson and
enhanced coupling to leptons in analogy to the 2HDM type II model. In the Section 4 we
present a case study of this channel based on data collected by DELPHI detector in 1994.
3 Search in 4b topology
Gluon splitting into bb pair in Z0 ! bb decays forms an irreducible background in the
search for Yukawa production of light Higgses in the 4b topology. But at the same time a
measurement of bbg ! 4b rate sets a limit on the bbh(A) ! 4b contribution. Such mea-
surement was recently done by the DELPHI Collaboration [14]. In the analysis hadronic
events were forced to the 3-jet topology using the DURHAM algorithm [15] and requiring
ymin > 0:06. To these jets a b-tagging method [13] was applied requiring every jet to
pass the b-tagging selection. From about 2 millions hadronic events recorded in the years
1994 and 1995, 140 events were selected. The distribution of the b-tagging variable for
the less b-like jet is shown in the Figure 7. The nal cut on this variable is indicated by
the arrow. The number of the selected genuine 4b events was estimated to be 37  15
(statistical and systematic errors added in quadrature).
For the purpose of the present analysis the same analysis chain, described in detail
in ref.[14], was applied to the simulated signal samples. About 10000 e+e−! bbh0(A0)














Figure 7: Distribution of the b-tagging variable  for the third jet for data (dots) and























Figure 8: Total eciency for bbg ! 4b events as a function of the minimum invariant
mass between secondary b quark pairs (points). The histogram represents the generated
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Figure 10: A model independent exclusions in the 4b topology.
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quently hadronized with JETSET 7.3 [16] and introduced to the detailed simulation of
the DELPHI detector using DELSIM program [17]. In the Figure 9 we show the e-
ciencies measured on simulated e+e−! bbh0(A0) samples. The upper-most points show
the 3-jet selection eciency, in the middle the b-tagging eciency is plotted (evaluated
after the 3-jet selections was applied). It can be seen that probability of assignment to
the 3-jet topology depends on the Higgs mass. This probability is maximal for a Higgs
with the mass equal to a half of the Z0 boson mass. In such case the energies available
for primary quarks and quarks from the Higgs decay are approximatively the same. On
the contrary the eciency decreases for low Higgs masses where secondary b-quarks are
collinear and tend to be aligned with one of the primary quarks. The eciency decreases
as well when Higgs mass approaches the kinematic limit, because primary b-quarks are
produced with low energy. The decrease of the eciency for masses down to the 2mb
threshold is more pronounced for h0 than for A0. The b-tagging eciency depends very
weakly on the Higgs mass up to about 60 GeV. The nal selection eciency (product of
3-jet and b-selection eciencies) is shown in the bottom of the Figure 9. It is of the order
of the one estimated for the gbb events and shown in the Figure 8.
Before proceeding to the derivation of the limit on the additional 4b production cross-
section we should comment on the value of the gbb¯ we should use for this estimation. The
theoretical evaluation (accurate to the leading order in s, and with resummation of large
leading and next-to-leading logarithmic terms to all orders) gives gbb¯ = 1:8
+0.4
−0.5  10−3 [18],
where indicated errors should be regarded as maximal allowed deviations. For the purpose
of the present analysis we have decided to take into account only the leading order gbb
estimate of 1  10−3, which constitute a safe lower theoretical limit [18].
After subtraction of the estimated minimal amount of bbg ! 4b events one obtains
an upper limit on an additional 4b contribution from beyond the SM at 50.4 events at
95% CL.
A model independent interpretation of this limit is presented in the Figure 10. An
enhancement of the Yukawa coupling { with respect to the SM Yukawa coupling 0bb {
in excess of the one shown in the Figure (corrected for the appropriate for a given model
branching ratio) is excluded at 95% CL
4 Search in the 4 topology
In the case of an enhancement of the coupling of neutral Higgses to charged leptons,
channels involving tau are of great importance. For the Higgs masses above 2mτ threshold
the Higgs decays into +− pair with the probability exceeding 90%. Above 2mb threshold
the branching ratio within the 2HDM of type II is diminished to about 5%. Dominant
decay channels for  lepton are one, and three ’prong’ modes with branching fractions
of 85% and 15% respectively. We will restrict our analysis to 4-prong and 6-prong nal
states. The former happens if all four taus decay into one-prong. In the 6-prong nal state
one of the four taus decays to three charged particles. These two channels account for
about 52% and 37% of 4 topology respectively. Events with more than one three-prong
 decays suer from overwhelming QCD background while consisting below 10% of the
4 sample.
4.1 The four-prong event selection
In the four{prong event selection only events with exactly four good charged particles
were accepted. A track was considered good if it satised the following conditions: (i)
the measured momentum was greater than 0.4 GeV, (ii) track length was at least 30 cm,
(iii) its polar angle jj was above than 20 and (iv) its impact parameter with respect to
the event vertex, measured along the beam direction, was smaller than 3 mm.
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Figure 11: The mass of the \mini-
mal +− pair" in 4-prong channel after 4-
fermion oriented selection.
Figure 12: The total charged mass in 4-
prong channel after 4-fermion oriented se-
lection.



















0 2 4 6 8 10



















0 2 4 6 8 10



















0 2 4 6 8 10



















0 2 4 6 8 10
4-fermion without  ’s
4-fermion with  ’s
mh = 4:1GeV mh = 9:5GeV
Figure 13: Comparison of E-W 4-fermion events and Yukawa production of light Higgses
in 4 topology.
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Figure 14: The mass of the \mini-
mal +− pair" in 4-prong channel after 4
oriented selection.
Figure 15: The mass of the \mini-
mal +− pair" in 6-prong channel before the
requirement of a presence of the lepton can-
didates.
Several background types were eliminated by the following preselection criteria:
 γγ events were eliminated by requiring:
{ the missing momentum along the beam axis smaller than 35%
p
s;
{ the missing transverse momentum greater than 5%
p
s or the visible mass
greater than 25 GeV.
 beam-gas interactions were rejected demanding that:
{ the total electric charge was zero;
{ the sum of the distances of the closest approach to the beam spot be smaller
than 300m;
{ an existence of charged particle with an angle greater than 90 with respect to
the pair of oppositely charged particles of minimal invariant mass.
 γ conversions were reconstructed by the pattern recognition program and further
treated as photons. Residual conversions were rejected requiring minimal invariant
mass of oppositely charged particles to be greater than 200 MeV.
At this stage of the analysis 6262 events were selected in data when 6684 were expected
from Monte Carlo simulation. The main source of background consisted of Z0 ! +−
events, mainly in 1+3 prong topology. These were rejected demanding the smallest triplet
mass to be greater than 3 GeV. Remaining +− events originated from 3+3 prong decays,
when one charged particle were missed in each of two hemispheres of the event. They were
rejected by requiring an invariant mass of particles recoiling against the pair of oppositely
charged particles with the smallest mass (called subsequently \minimal +− pair") to be
greater than 2 GeV.
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Figure 16: The mass of the \mini-
mal +− pair" in 6-prong channel after se-
lection and with at least one lepton candi-
date.
Figure 17: The mass of the \mini-
mal +− pair" in 6-prong channel after se-
lection and with at least two lepton candi-
dates.
At this stage 160 events were selected in data for 177 expected of which 101 were
predicted to be hadronic events of low charged multiplicity. The reduction of the rate of
these events by more than an order of magnitude were performed by requiring that more
than 10% of the visible mass was carried by the pair recoiling against \minimal +− pair"
and that the total multiplicity did not exceed 10.
The agreement of data with the Monte Carlo sample at this stage is shown in the
Figures 11 and 12 where 89 events of real data and 90 expected events are shown. Majority
of these events are four-fermion leptonic or mixed lepto-hadronic events. In the scatter
plots shown in the Figure 13 one can spot the dierence between 4-fermion events with
and without taus. The former can be easily eliminated by cutting events with the total
charged energy greater than 60 GeV. The rest consists of the +−‘+‘−, +−+−
and irreducible genuine second-order electro-weak 4 events. To eliminate the rst two
categories a special 4 selection was applied:
{ one of the particles from the \minimal +− pair" must be identied as a lepton;
{ the second particle from this pair cannot be identied as a lepton of the same flavour;
{ the pair of particles recoiling against the \minimal +− pair" cannot be both iden-
tied as leptons of the same flavour.
The situation after 4 selection is shown in the Figure 14, where the nal cut at \min-
imal +− pair" at 1 GeV were applied leaving 2 events in data for 2:2  0:4 genuine 4
and 0:36 0:05 4‘ expected.
4.2 The six-prong event selection
In order to improve the selection eciency in 4 channel, events with the 1+1+1+3 prong



























































Figure 19: A model independent exclusions in 4 topology.
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Events with exactly six good charged particles and total electric charge zero were
considered. The rest of the preselection described in the previous section concerning γγ,
beam-gas and γ conversions was applied in the 6-prong event selection as well.
Since one of  leptons is expected to decay in the 3-prong mode, the smallest invari-
ant mass should not exceed mτ . The cut was applied at 1.8 GeV with an additional
requirement that the total triplet momentum was greater than 3 GeV.
To reject low multiplicity hadronic Z0 decays and +− pairs in the 3+3 prong topol-
ogy, the mass recoiling against the smallest triplet mass were required to exceed 4 GeV.
Moreover the visible energy was required to be less than 80 GeV and the total multiplicity
smaller then 13.
At this stage 126 events were selected in the data when 146 were expected from MC
of which 141 were predicted to be of Z0! qq origin, as it is shown in the Figure 15. To
plot the Figure the minimal mass triplet were treated as one single pseudo-particle, thus
eectively the 6-prong topology was treated as pseudo 4-prong.
To eliminate the Z0 ! qq background a requirement of one identied lepton among
particles recoiling against the triplet was not sucient (Fig. 16) and two such leptons were
demanded (Fig. 17). After all these cuts 2 events remained in data in 6-prong topology
when 1:7 0:2 of 22‘+4 and 0:7 0:7 hadronic events were expected.
4.3 Results in the 4 topology
The overall eciency of the nal selection in the 4 channel is shown in the Figure 18.
The eciency was evaluated with a use of simulated h0 MC samples. Small increase of
the eciency expected in the A0 case was not taken into account.
The agreement between the numbers of events (4 selected when 5 expected) allows
to set an upper limit on additional 4 contribution from beyond the SM at 5.6 events
at 95% CL.
A model independent interpretation of this limit is presented in the Figure 19. An
enhancement of the Yukawa coupling { with respect to the SM Yukawa coupling 0 {
in excess of the one shown in the Figure (corrected for the appropriate for a given model
branching ratio) is excluded at 95% CL.
5 Interpretation within 2HDM type II
In the Figure 20 we show an interpretation of the present preliminary analysis within
2HDM type II. The gure were obtained applying the branching ratios evaluation shown
in the Figure 4 to the limits plotted in the Figures 10 and 19. The enhancement factor
shown in the vertical axis corresponds to tan  and sin = cos for A0 and h0 respectively.
6 Conclusions
Preliminary limits on the Yukawa production of light neutral Higgs above 2mτ threshold
were set:
 above 2mb threshold the 4b topology was used by the interpretation of the DELPHI
measurement of 4b events rate at LEP 1. The measurement in this challenging
topology was possible thanks to the excellent performance of DELPHI b-tagging
capabilities;
 below 2mb but above 2mτ threshold the 4 topology was used but only data from










































Figure 20: The exclusions within 2HDM type II.
This analysis will be continued. We do not exclude a possibility that at LEP 1 we
have already produced a light Higgs which waits for discovery. We will analyse the full
sample of LEP 1 data using the 22b topology in addition to the 4b and 4 topologies.
We plan also to search for very light Higgses with masses below 2mτ threshold.
It seems, however, that in view of available LEP data statistics one will not be able
to rule out completely an existence of light scalars.
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